We have used noncontact atomic force microscopy (NC-AFM) and scanning tunneling microscopy (STM) to study the rutile TiO 2 (011)- (2×1) 
INTRODUCTION
TiO 2 has been investigated intensely for several decades since the discovery that it is an active photocatalyst. 1 This has led to numerous surface science studies focused mainly on the most thermodynamically stable rutile TiO 2 (110) face. 2, 3 However, recently, there has also been considerable interest in other rutile faces [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] as well as anatase and layered TiO 2 phases. [19] [20] [21] [22] [23] Rutile TiO 2 (011) has received considerable attention due to reports of an enhanced photoactivity compared with other rutile phases. 24, 25 In the most part, studies of TiO 2 (011) focus on the (2×1) reconstruction which forms after typical ultrahigh vacuum (UHV) sample preparation. 3, [5] [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] After two models were proposed based on scanning probe microscopy studies, 5, 6 three diffraction studies support the same 'diffraction model' shown in Figure 1a ,b. [9] [10] [11] Theoretical calculations also find this to be the most stable of the proposed models. 9, 10 In scanning tunneling microscopy (STM) images, 'beanlike' and 'zigzag' motifs appear in images recorded 'close to' and 'far from' the surface respectively, 10, 15 and both these could be reproduced by STM images simulated from the 'diffraction model'. On the other hand, there are only two NC-AFM studies of the TiO 2 (011) surface. 6, 31 Previously in NC-AFM, the (2×1) phase was imaged as broad, bright rows without sufficient resolution to reveal any sub-row structure. 6 In that same study, 6 a co-existing (4×1) phase was also reported. Based on recent high resolution NC-AFM and STM images, we proposed models for a series of (2n×1) models, including two (4×1) phases, that have the same structural elements as the (2×1) phase. 31 In the 
EXPERIMENTAL METHODS
The experiments were performed in Osaka and Tokyo using a custom-built NC-AFM housed in an UHV chamber (with a base pressure of ~5×10 -11 Torr) and operated at room temperature. The TiO 2 (011) crystal (MaTecK GmbH) was prepared using repeated cycles of Ar-ion bombardment (2 keV) for approximately 5 min and annealing between 943-953 K for 10-25 min which gave the (2×1) terminations.
NC-AFM images were obtained using the frequency modulation detection method, 32 with the cantilever oscillation amplitude kept constant (peak-to-peak amplitudes 220-270 Å). The data presented here were taken using silicon cantilevers which had resonant frequencies in the range ~293-331 kHz. A DC voltage (V CPD ) is added between the tip and sample that minimizes the average tip-sample contact potential difference.
In Fig. 2 , the STM images were obtained using the same cantilevers, biased with a voltage (V s ) and with the oscillation switched off. In some cases, the tips were treated by electrical pulses or nanoindentation procedures to ensure sufficient conductivity for STM measurements.
Simultaneous NC-AFM and STM images were obtained by measuring the retrace image in the constant height mode and detecting Δf together with the timeaveraged current, I t . This eliminates any crosstalk between the topography and the time-averaged current, I t , which would otherwise act to give a current map that is out-of-phase compared with the topography. 
I t
The simulated STM image shows that the bright spots are centered between the oxygen in the second layer, O(2) and O(2*), and the topmost titanium, Ti(1) and Ti(1*). Given that the zigzags in the NC-AFM image are in phase with those in the STM image, this means that the bright spots in NC-AFM must also be positioned between the second layer of oxygen and the topmost layer of Ti. In STM, the zigzag contrast is dominated by tunneling into Ti 3d states because of its longer decay length compared to the O 2p states. 15 Furthermore, the roundness of the bright spots in the zigzag mode could only be reproduced when tip convolution was allowed by explicitly including a finite-sized tip in the simulation. 15 The zigzag STM contrast is largely electronic, so one would not necessarily expect that a similar contrast would be seen in NC-AFM. That an almost identical zigzag contrast is found in the NC-AFM images may be due to an interplay between the decay of the tip−sample potential and the surface geometry as well as tip convolution and atomic relaxation effects. 34 Theoretical simulation of the NC-AFM images would shed more light on this.
In the majority of our NC-AFM and STM images of the surface, defects can be observed with coverages of ~0.04-0.08 monolayer (ML), where 1 ML is the concentration of TiO 2 (011) (1×1) surface unit cells. Depending on the tip condition, the defects can appear bright or dark. Figure 3a shows an STM image that contains a number (~0.05 ML) of small bright spots that make up the vast majority of the defects, together with a small number of unknown, larger, brighter defects. According The appearance of H adatoms also varies amongst these images. In Figure 4a , the hydrogen adatoms appear as dark spots offset to one side of the row. In the duplicated image in Figure 4b , the hydrogen atoms offset to the right-hand side are highlighted with green triangles that point to the right whereas those offset to the lefthand side are highlighted with red triangles that point to the left. In total there are 37 hydrogen atoms offset to the right and 31 to the left, close to what one would expect from a random distribution.
In Figure 4d , the green and red triangles highlight the same features with a few
exceptions. The open red and green triangles indicate where a hydrogen atom present in Figure 4a is absent in Figure 4c . In both cases, an extra H adatom is found diagonally adjacent to where the missing H adatom was located, indicative of H adatom diffusion. These H adatoms are highlighted with red and green circles. One further H adatom also appears in Figure 4c and is highlighted with a green circle. We assume that this new H adatom also appears due to diffusion, presumably from outside the frame or from the tip given that we cannot identify the original position in . While these markers fall on dark spots, the H adatoms tend towards a dumbbell-like shape with dark spots either side of the bright spot.
As on the TiO 2 (110) surface, [33] [34] [35] [36] [37] we have observed several other NC-AFM contrasts which are summarized in Fig. S1 , including a 'hidden' mode where the H adatoms are not visible (Fig. S1a) , a 'protrusion' mode (Fig. S1b) where the H adatoms appear bright, and two atomically-resolved modes (Figs. S1c,d) where the H adatoms are dark. In the hidden mode, we believe that the H adatoms are present but not imaged as has been observed previously for TiO 2 (110). 36 As it is not possible in general to control the nature of the tip apex, it is of great benefit not only to In the successive images, the paths of these H adatoms are indicated with red arrows. In each step, the H adatoms move up or down by half a unit cell in the [011] direction, while also switching the direction in which they are offset. This leads to a zigzag pathway which can be explained on the basis of calculations reported by Tao et al. 14 An energy barrier of 0.75 eV is found for hydrogen diffusion from one top O site to another, i.e. from O(1) to O(1*) and vice versa and is expected to be accessible at room temperature. Indeed, this energy barrier is similar to that found experimentally for H diffusion on TiO 2 (110). 38 Diffusion of hydrogen from the topmost O to the second layer of oxygen, i.e. O(2) and O(2*) has a higher barrier of 1.14 eV. As such, the easiest path for hydrogen diffusion is the zigzag along the topmost O atoms. We note also that the path for H diffusion highlighted in Figure   4c 
CONCLUSIONS
In conclusion, we have used NC-AFM and STM to study the rutile TiO 2 (011)-(2×1) surface. NC-AFM images were obtained with several different contrasts. In particular, a zigzag contrast was observed that is similar to that commonly observed in STM images. Simultaneously-recorded NC-AFM and STM images indicate that the zigzags in NC-AFM and STM are in phase and may therefore have a similar origin.
Hydrogen adatoms were also identified in NC-AFM images by comparison with STM. Sequential NC-AFM scans of the same area showed that the hydrogen atoms readily diffuse between adjacent topmost oxygen atoms in a zigzag pathway that gives evidence for the adsorption of H adatoms on either side of the (2×1) rows.
